A detailed numerical study of the sinusoidal and triangular groove shape grating efficiency behavior has been carried out in grazing incidence using rigorous electromagnetic theory. The optimized parameters for maximum efficiency have been found for both types of grating. The influence of the metal reflectance and the oxide layer are discussed, and some results of higher order efficiency are also presented.
Introduction
Reflection gratings are widely used in grazing incidence as a tuning element in dye lasers. Several cavity configurations utilizing grazing incidence have been proposed 1 to achieve a very narrow linewidth. Since grating efficiency rapidly decreases when the angle of incidence tends to 900, the applications of grating tuners generally have been confined to relatively highgain pulsed lasers that can tolerate higher losses. To take advantage of the higher dispersion in grazing incidence and ensure the single-mode operation of the cw laser systems, the grating efficiency Thust be as high as possible.
The first question arising in the use of diffraction gratings is what type, holographic or ruled, is preferred in grazing incidence. The second problem is what are the optimal grating parameters. While the properties of the diffraction gratings are generally well established over a wide spectral region, 2 ' 3 less attention has been devoted to grazing incidence gratings in the visible region.
A partial answer of the above-mentioned problems is given in Ref. 4 where the influence of the groove profile and the angle of incidence on the efficiency behavior is discussed. In the visible region, aluminum surface gratings are usually preferred. The oxidation of aluminum in air results in the formation of A1 2 0 3 film, typically a few nanometers thick, 3 which is normally ignored in dif-fraction efficiency calculations. The purpose of this paper is to present the optimized diffraction efficiency in the visible region of both holographic and ruled gratings at grazing incidence. The effects of the grating parameters as well as the incident wave conditions are discussed in detail. Finally, the influence of the oxide layer on the grating efficiency is shown.
Presentation of the Problem
Certain processing conditions for holographic gratings lead to a groove profile close to sinusoidal. 3 5 At a fixed angle of incidence and wavelength, grating efficiency depends only on the modulation depth (ratio of groove depth h to period d). In the same conditions the efficiency of triangular groove gratings with 900 apex angle is described completely by the blaze angle
aB-
Once the optimized grating parameters are determined, the second most important step is to find the angular and wavelength efficiency dependence. This procedure gives a fairly good picture of the efficiency behavior of almost all practically interesting cases. The calculations were performed with a computer code based on a rigorous electromagnetic theory for multicoated diffraction gratings in conical diffraction mounting. 6 The advantages and restrictions of the method for the in-plane case are described in Ref. 7 .
Sinusoidal Gratings
Diffraction efficiency of several gratings with 1000, 2000, and 3000 grooves/mm was calculated as a function of modulation depth. The results are shown in Figs. 1-3.
The efficiency maximum occurs at hd = 0.2 and always in S-polarization (the electric field vector is perpendicular to the grooves) regardless of the grating period. The P-polarization efficiency is usually <1%; however, for very deep gratings it increases significantly in the presence of an oxide layer (Fig. 3) . With increasing spatial frequency, efficiency increases and for X = 0.6328 Am reaches a value of 20% for the grating with 3000 grooves/mm. The effect of an oxide layer is always to reduce the maximum of S-polarization efficiency. More surprising is that the location of that maximum remains practically the same for different metal coatings (Fig. 3) .
In higher orders efficiency is much less sensitive to the presence of an oxide layer (Fig. 4) , but the efficiency maximum is obtained for deeper gratings. Higher orders can evidently be used to increase the dispersion with an efficiency comparable to first order. It should be remembered, however, that the usable wavelength region is progressively narrower for higher orders. 1.9. The presence of a 50-A thick oxide layer causes a relative reduction in the efficiency of -10%, and, in addition, the anomaly in the vicinity of passing-off -2 order is sharper. Although in practice oxide layers tend to stabilize at 40 A, the value of 50 A was chosen in these calculations to indicate an extreme boundary.
As can be expected, increasing the angle of incidence rapidly reduces efficiency (Fig. 6) . The role of dielectric coatings remains the same.
IV. Triangular Gratings
Triangular groove gratings with the same groove frequencies of 1000, 2000, and 3000 grooves/mm had their efficiencies calculated as a function of the blaze angle (Figs. 7-9 ). We may assume that the optimum value is aB = 120. The wavelength dependence of the 
V.
Influence of the Dielectric Layer Thickness While aluminum oxide formation is self-limiting, it is interesting to calculate what happens as the thickness of a dielectric layer increases. The effect on grating efficiency is shown in Fig. 12 . Blazed gratings seem to be much more sensitive to the presence of an oxide layer; a thickness of 200 A would reduce efficiency by a factor of nearly 3.
VI. Conclusion
To achieve high efficiency in grazing incidence, a careful examination of the influence of the grating parameters and the incident wave conditions has to be carried out. We have shown that sinusoidal gratings are preferred when only first order exists, and an effi- 
